In this paper, a finite-element modelling framework is presented with explicit representation of polycrystalline microstructure for a tempered martensite ferritic steel. A miniature notched specimen was manufactured from P91 steel with a 20,000 hour service history and tested at room temperature under three point bending. Deformation at the microscale is quantified by electron back scattered diffraction (EBSD) before and after mechanical loading. A representative volume element was developed, based on the initial EBSD scan, and a crystal plasticity model used to account for slip-based inelastic deformation in the material. The model showed excellent correlation with the experimental data when the relevant comparisons were made.
Introduction
Tempered martensite ferritic steels with a high chromium content are widely used for critical applications within modern power generation plants on account of their excellent fatigue and creep resistance. Due to the importance of these applications, a rigorous and robust analysis of the materials response under a variety of conditions must be undertaken. Material modelling is an essential part of this process, as it provides a predictive capability that can be incorporated into the design process. Quantifying the influence of microstructural features on the constitutive response of tempered ferrite martensite is also crucial to the understanding of the performance of these materials, and to the accuracy of structural integrity assessment. The current work focuses on a particular steel, P91 (containing 9% Cr, 1% Mo and the balance primarily Fe [1]). Tempered martensite ferritic steels (termed TMFSs by [2] ) have a body-center-cubic (BCC) structure with a complex microstructure, exhibiting a hierarchial arrangement of grains and sub-grains [3, 4] . The largest of these sub-structures is called a 'packet' which can range in size from 15 to 500 microns. Within these packets, 'blocks' (grains) can be identified, usually between 2 and 10 µm in size. In turn, 'blocks' are composed of subgrains called 'laths', which can range from 0.2 and 1 µm in width [4] [5] [6] [7] [8] [9] [10] [11] [12] . Another important microstructural feature is the presence of precipitates, which form primarily at lath boundaries but also within laths [11] [12] [13] [14] [15] . These precipitates contribute to the superior performance of P91 at high temperature by inhibiting dislocation movement during material deformation [16] . The boundaries between lath, block, and packet can be identified by studying the misorientation of neighbouring grains. The misorientaton between neighbouring blocks is typically 60
• , while between laths the misorientation is typically 2
• [4] . Figure 1 shows a typical P91 microstructure, from an SEM image, with the black outline showing an example of a block boundary.
In recent years significant progress has been made in the development and application of mechanistic, physically-based material models for engineering alloys, e.g. crystal plasticity has been used extensively [17] [18] [19] [20] to model deformation mechanisms in polycrystalline materials (HCP Ti, FCC Ni and BCC steel). Crystal plasticity-based simulations for metals have provided deep insight into inelastic deformation mechanisms, particularly when these models are combined with experimental characterisation at multiple length scales [21, 22] . There have been major advances in characterisation at the microscale, e.g. in [23] micropillars, consisting of a single block of a martensitic steel, have been tested under compression and measured beam deflection compared to modelling predictions. Electron back scatter diffraction (EBSD) has been used to investigate microscale deformation in a wide range of materials, eg [24] [25] [26] [27] [28] and in [17] [18] [19] was used to validate computational predictions of deformation and rotation in a number of polycrystalline steels. In [29] [30] [31] [32] changes in grain orientation for a coarse grained (100 µm) stainless steel were examined, using the Wilkinson technique [33] , which involves measuring the changes in the Kikuchi pattern to determine the change in orientation in the material; the concept of crystal deformation was also introduced in [29] to quantify average changes in grain orientation during deformation. In [30] EBSD (in conjunction with numerical modelling and the eigenstrain technique) has been used to determine the magnitude of the residual stress in large carbide particles (10 µm) in a nickel superalloy (MAR-M-200). While significant progress has been made in computational and experimental characterisation of polycrystalline materials at the microscale, there have been few attempts to represent the hierarchical microstructure of martensitic steels in computational models. In [34, 35] a physically-based micro-mechanical model was used to analyse a martensitic steel, with grain boundary interactions and the evolution of dislocation density examined numerically using a 'constructed microstructure'. In [36] a microstructurally based material model was used to predict the lattice (elastic) stress/strain response of a martensitic steel with the results validated by in-situ neutron diffraction measurements. The model was also used in [37] to investigate lath size effects in a martensitic steel (P91). The current paper, builds on our earlier work. As in previous work a finite-element (FE) approach is used, with an explicit representation of the material microstructure, focusing at the block level. In [36] [37] [38] [39] [40] , uniaxial loading of P91 was considered, with validation through neutron diffraction measurements in [40] . In this work, we consider a complex multiaxial loading condition (notched three point bend) with validation carried out both at the macroscale, through overall specimen deformation and notch opening, and at the microscale thourgh EBSD measurements. To our knowledge such an approach, using direct comparison of grain orientation change due to mechanical loading between experimental and modelling results has not previously been investigated for a martenstic steel. Significant work has been done using the change in orientation techniques presented in this paper [17, 18] but, to our knowledge, none has directly compared the experimental results to representative modelling predictions. Furthermore, while microstructural evolution of high chromium power plant steel during service has been examined in [4, 7] , the use of an ex-service martensitic P91 (over 20,000 hours of service) makes this work of particular interest, for example to cases of pipeline repair in fossil fuel power plants. 
Material and experimental procedure
The P91 material used in this study was extracted from the header of an operating steam power plant which had experienced approximately 20,000 h of service before its removal. Miniature samples (50 mm × 5 mm × 2 mm) were cut from the header cross section using electron discharge machining (EDM) and loaded mechanically using a Deben microtester (see figure 2) . The sample has a a narrow (0.7 mm) notch of length 3 mm (figure 2) cut using a diamond tip saw blade. The use of this miniature specimen, in conjunction with the microtester, allows us to obtain accurate deformation information at the block level for complex multiaxial loading states. The sample surface was metallographically polished and etched for viewing in the SEM. The top surface was first ground by progressively less coarse silicon carbide paper that was water cooled during grinding, followed by a polishing with fine diamond abrasive. A Vibramet machine was used to give the specimen a final polish, which provides the surface finish required for EBSD. An EBSD scan of 300 µm × 175 µm is obtained from the region, directly adjacent to the notch root, as indicated in the lower diagram in figure 2b . EBSD results are presented as inverse pole maps, based on the three Euler angles [38, 39] . Through the use of an EBSD analysis, changes in block orientation due to deformation can be measured accurately, providing experimental validation of constitutive models at the microscale. Two EBSD scans are recorded, one prior to specimen loading, which identifies the initial block orientations, and one after loading in the microtester. As the microtester does not fit within the scanning electron microscope (SEM) chamber required for the EBSD analysis, the specimen is measured in the unloaded condition. A typical EBSD scan (before deformation) is illustrated in figure 3, which yielded a 96% data capture rate. When the information was visualised it was found that the areas that failed to be scanned clustered around grain boundaries. This suggests that the areas that failed to scan contained precipitates, such as carbides. A smoothing filter [37, 41] using MATLAB [42] was used to account for these unscanned areas (about 4% of the whole scan)-a full analysis of the influence of precipitates within P91 steel will be presented in future work. The scan area is 300 × 175 µm 2 , with spatial resolution of approx. 1 µm, which is on the order of the lath size. The scan contains approximately 1,500 blocks-our numerical studies have shown that this number of blocks provides an accurate representation of the mechanical response of the P91 microstructure. On the right of figure 3 we have identified a 35 grain sub-region of the EBSD scan (bottom right), designated Region A, with dimensions approx. 50 × 50 µm 2 and a smaller 20 grain region, designated Region B, with dimensions approx. 30 × 30 µm 2 . The EBSD data of figure 3 are presented as inverse pole maps in figure 4 . Figure 4 (a) shows the preferential orientations of the overall scan in terms of MRD (multiplies of random density), which provides a measure of the preferred crystallographic orientation of the material [43] . It can be seen from figure 4(a) that the initial texture of the scan has an intensity of 1.21 (a microstructure with no texture would have MRD = 1). In other words, the population of orientations is 21% higher than expected in a random distribution. To obtain a quantitative measure of deformation at the block level, the concept of crystal deformation is utilised [29] . Crystal deformation, C D , is defined as the misorientation of a block or collection of blocks. The value of C D is obtained by calculating the 'central orientation' for each block and finding the variation in orientation with respect to this value. The change in C D due to deformation is then used to quantify local changes in crystal orientation [29] . Individual blocks are identified from the EBSD scans by applying a filter to the Euler angle information to exclude any misorientation angle less than 20
• . For a region with N G blocks, the central orientation for each block is determined by minimising the function S k which is the sum of misorientation angles, with respect to a fixed position, p, within the block.
where n k is the number of material points in block k, p k and p are points within the block and β(p k , p) is the misorientation between these points. The minimum value of S k is defined as the central orientation of the block, located at position p, and is defined here asŜ k . The crystal deformation, C D , for the collection of N G blocks is then defined as,
The initial value of C D for the full representative volume element (RVE) (N G = 1514) of figure 3 is determined to be 2.13
• , representing the average lath misorientations within each block, which is expected to be on the order of 2
• . Two individual blocks are identified in figure 3 within Regions A and B (the individual blocks are labelled 1 and 2). The C D value for block 1 before loading is 2.75
• and for block 2 is 2.94
• , consistent with the expected lath misorientation.
3. Finite-element modelling framework
Constitutive model
A slip-system based crystal plasticity model [44] is used to represent the material deformation at the microscale. For slip based plastic deformation in crystalline materials, the plastic velocity gradient, L p , depends linearly on crystallographic slip rate,
where F p is the plastic deformation gradient andγ α , m α and n α are the slip rate, slip direction and slip plane normal of the slip system, α, respectively, N refers to the total number of slip systems and ⊗ indicates a dyadic product. The accumulated equivalent plastic strain, corresponding to L p , is used in this paper to quantify levels of plastic deformation. This is defined as:
where t is the current time and D p is the plastic strain rate, defined as;
with F e the elastic deformation gradient. A linear elastic relationship for the constitutive model is defined between second Piola-Kirchoff stress,S, and elastic Green tensor, E e , as;
whereC is the elastic stiffness tensor and : represents double contraction of tensors. For a slip system α, a thermally activated flow rule [40] is employed to determine the plastic slip rate as a function of the resolved shear stress, τ α , on the slip system α,
where T is the absolute temperature, k is the Boltzmann constant, F is the total free energy required to overcome lattice resistance, and p, q andγ 0 are the exponents and pre-exponential constants; τ 0 is the critical shear stress. The evolution of the slip resistance, S α is governed byṠ
where h αβ is the hardening matrix and S sat the saturated slip resistance with initial value S 0 . The hardening matrix, h αβ , is written as
where ω is an interaction constant and δ αβ is the Kronecker delta. In this work, ω = 1, corresponding to Taylor hardening, indicates that all slip systems interact equally during strain hardening. A similar assumption has been made in our previous work on P91 [40] and in [45] in the study of single phase (BCC) and multiphase (FCC and BCC phases) steel. In [20] both Taylor hardening (denoted in their paper as isotropic latent-hardening) and self hardening (equivalent to ω = 0 in our formulation) were examined in a BCC (ferritic) steel. Good correspondence in the prediction of limit strain (onset of necking) was found for the isotropic latent-hardening case, though no comparison with experiments was provided for the self hardening case. More recently, Chen at al [46] have used a Taylor hardening assumption to represent strain hardening in the ferritic phase of one of two dual phase steels examined.
It may be noted that in [50] it was shown experimentally that for block sizes between 1 µm and 2.5 µm, the yield stress of a martensitic steel exhibits a significant size effect (yield stress increases with decreasing grain size). In a similar study, [51] , the same trend of yield stress dependence on block size was observed for very fine grained martensitic steels. However, for steels of block size between 3.5 µm and 7.1 µm the reported yield stress values in [51] vary by less than 4%. The martensitic steel used in this work has block sizes between 9.5 µm and 10.5 µm, at the upper end of the values in [51] . Furthermore, in a previous numerical study, [37] , it was shown that the influence of length scale (here block size) was negligible for the range of martensitic block sizes examined here. Hence, in this work a standard (length scale-independent) plasticity model is used in the material constitutive law.
The numerical implementation of the constitutive model within the FE framework relies on a fully implicit integration procedure, using a Newton-Raphson scheme to update the internal state variables in the model, through a user subroutine UMAT within a commercial FE code, ABAQUS [47] . The crystal plasticity UMAT used in the current analysis was originally developed to represent the response of single crystal nickel superalloys [48] . It has been extended in [38] to incorporate the FCC response of 316H austenitic steel, and then further extended to represent P91 by (i) incorporation of the relevant slip systems (for P91 a total of 48 slip systems; comprising twelve <111>[110] slip systems, twelve <111>[112] and twenty four <111>[123] slip systems) and (ii) determination of the appropriate material parameters in Eqs. (6), (7) and (8) . Further details on the implementation of the UMAT can be found in [37, 38] and [49] .
Finite element implementation
The problem described in figure 2 has been examined at two length scales-a specimen level analysis (mm length scale) to obtain the global mechanical behaviour, using an isotropic elastic-plastic material model and treating the material as a homogeneous continuum, and a micro-level analysis (µm length scale) to determine the response at the block level using a crystal plasticity model capturing the material microstructure. The specimen level analysis has a dual purpose, firstly to assist in the design of the experiment, providing an estimate of the load-point displacement needed to generate sufficient, but not excessive, plastic deformation at the notch root, and secondly to determine the boundary conditions to be applied for the microscale finite-element analysis.
Specimen level modelling
For the specimen level continuum modelling the material response was taken directly from the measured uniaxial stress-strain behaviour of the steel. These data was generated from standard tensile tests carried out from room temperature up to 625
• C and at three different strain rates (0.1, 0.033 and 0.025%/s). More details on these experimental tests are provided in [52] . Data from a typical room temperature tensile test are shown in figure 5 , taken from the same header [53] as the miniature three point bend specimen. The material model used within the continuum level FE analysis is also shown in the figure. The material is assumed isotropic with von Mises flow theory (Young's modulus = 210 GPa, yield stress = 480 MPa). The model captures the elastic region and post yield behaviour of the material up to 10% strain very well. As the global strain experienced in the three point bend test is considerably less than that seen in the tensile test, no attempt has been made to capture the softening/necking behaviour at very high strains.
The specimen geometry of figure 2 is represented using approx. 10,000 2D elements or 200,000 3D element, with the smallest element size approx. 15 µm. A plane stress (CPS4 elements in ABAQUS), generalised plane strain (CPE4SE) and full 3D analysis (C3D8) was carried out in ABAQUS to compare directly with the experimental data. An identical modelling architecture was used for all three models, with 20 elements through the thickness of the 3D model. The nodal displacements from the specimen level analysis were used to generate the boundary conditions for the representative volume element (RVE) microscale study, as discussed below.
Microscale analysis
For the microscale analysis, the EBSD scan of figure 3 is converted into an FE mesh to provide an RVE of the material microstructure, representing the near notch region (see figure  2) . The Euler angle information is mapped from the EBSD scan to the FE mesh using a regular grid of equally sized finite elements with identical spatial resolution to the EBSD scan. The crystal plasticity material model, described in section 3.1, is used in conjunction with the boundary conditions obtained from the specimen level FE analysis.
Approximately 76,000, 3D block elements (C3D8 elements in ABAQUS) are used (smallest Figure 6 : The force versus deflection response of the plane stress, generalised plain strain and 3D finite-element models of the three point bend specimen. The experimental response of the specimen is also included element size is 1 µm). The 3D mesh is periodic in the z-direction and of one element in thickness, which implies columnar grains. It has previously been established [40] that a columnar representation of the material microstructure yields almost identical results to a fully equiaxed (3D) model [38, 41] when loaded in-plane. As the EBSD scan provides surface measurements only, significantly greater effort is required to obtain a full 3D representation of the material microstructure, with little apparent improvement in model accuracy [38] [39] [40] [41] . Twelve material parameters are used in the crystal plasticity model. The 3 elastic constants are obtained from the literature [54] and the other parameters have been obtained from calibration of the RVE model against the uniaxial data. The elastic constants and flow rule parameters are provided in Table 1. Table 2 contains the parameters associated with the strain hardening of the material. 
Results

Specimen level analysis
From the specimen level FE analysis (section 3.2.1) it has been determined that a load point deflection of 2.8 mm induces an average local plastic strain of approx. 20% at the notch root, corresponding to a load of 180 N. Figure 6 provides a comparison between the measured load-displacement trace obtained from the Deben microtester with the model prediction. The displacement measured is the crosshead displacement; the load is determined from a 2 kN load cell. The agreement between the three finite element models and experiment is good, particularly in the elastic regime and at the maximum displacement (2.8 mm). The agreement between the experiment and the model in the early stages of the post-yield response is less good-the measured load at global yield is approx. 9% higher than that predicted by the model. The reason for this discrepancy has not yet been identified. The tensile and bend specimens were extracted from the same pipe and have the same orientation. The bend specimen is subjected to bending/compression across the loaded cross-section, so it is possible that the observed difference may be due to asymmetry in the yield response under tension and compression. Also, as only a single microtest has been carried out, it is possible that the result may be due to material variability (the tensile data are an average of six tests). This issue will be examined further in future work. Figure 7 shows the global specimen deformation and notch opening from the experiment and model corresponding to a deformation of 2.8 mm. An optical microscope was used to measure the notch opening. The model in figure 7b has been reflected about the central axis to aid visualisation (a symmetric FE model was used in the analysis). Note that the strains presented correspond to the unloaded state (after the specimen has been removed from the microtester). The close agreement between the experimental and measured deformation is noted. The large plastic deformation near the notch is indicated by the bright region in the optical microscope image (figure 7a) which corresponds quantitatively with the high strain region indicated in figure 7b (the red region in figure 7b corresponds to 28% strain). Figure 8 shows equivalent plastic strain contours in the near notch region (plotted on the undeformed configuration). Note that as the microstructure is not symmetric about the central plane, the RVE width to be analysed in the microscale analysis is twice that indicated in the figure. 
Microscale analysis
The displacement values, obtained from the specimen level analysis, were applied as boundary conditions to the RVE of figure 3. The corresponding contours of accumulated equivalent plastic strain, ε eq are shown in figure 9 . The central plane of the RVE is indicated in the figure to locate the notch plane. Note that although the microstructure is non-symmetric the resultant deformation patterns show considerable symmetry about the notch plane. As expected, the largest strain is present in the area just above the notch root (ε eq > 20%). There are also areas of low strain within the RVE, away from the notch root (ε eq < 2%). Analysis of the RVE shows an average RVE strain of 20%, consistent with the specimen level model. EBSD analysis was carried out on the specimen after loading with the results presented in figure 10 . Figure 10(a) shows the preferential orientation in terms of MRD for the EBSD A quantitative assesment of the accuracy of the numerical predictions may be made using the crystal deformation (C D ), defined in section 2. The results are presented in Table 3 . The measured value for C D for the area examined increases from 2.13
• to 5.65
• as obtained from the EBSD scan before and after deformation. The corresponding prediction from the FE model is 5.28
• . The value of C D for Block 1 (from Region A in figure 3 ) increases to 8.12
• (model prediction 7.74 • ). For block 2, which is a region of higher deformation (Region B in figure 3 ), C D increases to 9.83 (model prediction 9.35). This analysis highlights the accuracy with which the model has predicted the deformation, both for the full RVE, as well as in individual blocks (grains),
Discussion and Conclusions
P91 has been an important material for high temperature applications in the power generation industry for the last two decades. The ability to predict its behaviour under working conditions is required for accurate design and assessment of components. With this in mind our research focus is to develop an accurate representation of the deformation of P91 at relevant length scales using a finite-element framework with appropriate experimental validation. In this paper modelling was carried out at two length scales. An isotropic elastic-plastic model, with experimental data taken directly from monotonic, uniaxial data, was constructed to capture the specimen level material behaviour of P91 at room temperature. The predictions of specimen deformation and notch opening were in close agreement with data from a notched three point bend test carried out using a microtester. A polycrystal model, combined with EBSD data which captured the local material orientation, was used to investigate the response of the material in the vicinity of the notch root of the three point bend specimen. Excellent agreement was obtained between the model and experimental data, by comparing inverse pole plots and values of crystal deformation in relevant regions near the notch root.
The results of these simulations and experiments provide confidence in the use of slip-system based models for prediction of deformation at the microscale in P91 and other martensitic steels. The current work is restricted to room temperature deformation and does not include the influence of other microstructural features, e.g. M 23 C 6 precipitates, on the deformation. On-going work is examining both of these aspects of the problem to provide a comprehensive study of the response of these materials under conditions representative of those experienced in service.
